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In heavy-ion (A-A) collisions, the correlations among the particles produced across wide range
in rapidity, probe the early stages of the reaction. The analyses of forward-backward multiplicity
correlations in these collisions are complicated by several effects, which are absent or minimized in
hadron-hadron collisions. This includes effects, such as the centrality selection in the A-A collisions,
which interfere with the measurement of the dynamical correlations. A method, which takes into
account the fluctuations in centrality selection, has been utilized to determine the forward-backward
correlation strength bcorr in A-A collisions. This method has been validated by using the HIJING
event generator in case of Au-Au collisions at
√
sNN= 200 GeV and Pb-Pb collisions at
√
sNN=
2.76 TeV. It is shown that the effect of impact parameter fluctuations is to be considered properly
in order to obtain meaningful results.
PACS numbers: 25.75.-q,25.75.Gz,25.75.Nq,12.38.Mh
I. INTRODUCTION
The major goals of colliding heavy-ions at rela-
tivistic energies are to create a new form of matter,
called quark-gluon plasma (QGP), and to study its
properties. The QGP matter is formed very early in
the reaction and it is a major challenge to experi-
mentally probe this initial stage as majority of the
detected particles are emitted at freeze-out. Corre-
lations, that are produced across a wide range in ra-
pidity are thought to reflect the earliest stages of the
heavy-ions collisions, free from final state effects [1].
The study of correlations among particles produced
in different rapidity regions may provide an under-
standing of the elementary (partonic) interactions
which lead to the hadronization. Several experi-
ments involving collisions of electrons, muons and
protons show strong short-range correlations (SRC)
over a region of about ±1 unit in rapidity [2–4]. In
high-energy nucleon-nucleon collisions (
√
s ≫ 100
GeV) the non-single differactive inelastic cross sec-
tion increases significantly with energy, as does the
magnitude of the long-range forward-backward mul-
tiplicity correlations. The component involving the
long range correlations in these collisions has been
shown to increase with the energy [4]. These ef-
fects can be understood in terms of multiparton
interactions [5]. In case of heavy-ion collisions, it
has been predicted that multiple parton interactions
would produce long-range forward-backward mul-
tiplicity correlations that extend beyond one unit
in rapidity, compared to hadron-hadron scattering
at the same energy. The model based on multi-
pomeron exchanges (Dual Parton Model) predicts
the existence of long range correlations [6, 7]. In
the Color Glass Condensate (CGC) framework, the
correlations of the particles created at early stages
of the collision can spread over large rapidity inter-
vals, unlike the particles produced at the later stage
[1]. Thus the measurement of the long range rapid-
ity correlations of the produced particle could give
information about the space-time dynamics of the
early stages of the collisions.
The measurement of forward-backward (FB) mul-
tiplicity correlations in nucleus-nucleus collisions has
been studied by the STAR experiment at RHIC [8–
12]. These results have generated a great deal of
theoretical interest [13–23].
Forward-backward correlations have been charac-
terized by the correlation strength, bcorr, the slope
extracted from a linear relationship between the av-
erage multiplicity measured in the backward rapid-
ity hemisphere (〈Nb〉) and the multiplicity in the for-
ward rapidity hemisphere, Nf . This relationship can
be expressed as [2]:
〈Nb(Nf )〉 = a+ bcorrNf . (1)
In this definition, bcorr can be positive or nega-
tive with a range of |bcorr| < 1. This maxi-
mum (minimum) represents total correlation (anti-
correlation) of the produced particles separated in
rapidity. bcorr = 0 is the limiting case of entirely un-
correlated particle production. Experimentally, the
slope of bcorr in hadron-hadron experiments is found
to be positive [2]. In Eq.(1), the intercept, a, is re-
lated to the number of uncorrelated particles.
The correlation strength can also be expressed in
terms of the ratio of the covariance of the forward-
backward multiplicity and the variance of the for-
ward multiplicity. This is done by performing a lin-
2ear regression of Eq.(1) and minimizing χ2. Thus,
Eq.(1) can be expressed in terms of the following
calculable average quantities,
bcorr =
〈NfNb〉 − 〈Nf 〉〈Nb〉
< N2f > − < Nf >2
=
D2bf
D2ff
, (2)
where D2ff and D
2
bf are the forward-forward and
backward-forward dispersions.
The correlations obtained from above expressions
can be a combination of both short and long-ranges.
The short-range correlations (SRC) normally extend
over a small range of pseudorapidity (|η| < 1.0)
and are due to various short-range order effects [2].
These correlations can arise from various effects,
such as particles produced from cluster decay, reso-
nance decay, or jet correlations. The particles pro-
duced in a single inelastic collision are known to only
exhibit SRC [3]. Long-range correlations (LRC) are
correlations that extend over a wide range in pseu-
dorapidity, beyond |η| > 1.0. The presence of LRC
is a violation of short-range order. Short-range order
is expected to hold as long as unitarity constraints
are neglected [2]. In the approximation of short-
range order, only single scattering can be consid-
ered. Therefore, quantum mechanical probability is
not conserved, since it is possible to have multiple
scattering terms.
Recently, FB correlations have been studied ex-
tensively with different model simulations, particu-
larly the Color Glass Condensate (CGC) [20] model
and the Color String Percolation model (CSPM)
[24]. The CGC provides a QCD based description
and predicts the growth of LRC with collision cen-
trality. It is argued that long-range rapidity corre-
lations are due to the fluctuations of the number of
gluons and can only be created in early times shortly
after the collision [13, 20]. In CGC the long range
component has the form:
bcorr =
1
1 + cα2s
, (3)
where α2s is coupling constant and is related to the
saturation momentum Q2s and c is a constant. From
the above expression, it is observed that as the cen-
trality increases the FB correlation also increases be-
cause α2s decreases [24]. A similar behavior is also
obtained in the CSPM approach. In the CSPM, bcorr
is expressed in terms of the string density ξ, which
is related to the number of strings formed in the
collision:
bcorr =
1
1 + d
(1−e−ξ)3/2
, (4)
which vanishes at low string density and at high den-
sity grows to become 1/(1+d), where d is a constant,
independent of the density and energy [24]. The ex-
perimental data for Au+Au collision at
√
sNN= 200
GeV [8] show similar trends as predicted by CGC
and CSPM.
FB correlation strength has also been studied in
the framework of wounded nucleon model [16, 25].
The results are compared to the STAR data [8] in
Au+Au collisions at
√
sNN= 200 GeV. It has been
concluded that FB correlation strength for central
collisions are due to the fluctuations of wounded nu-
cleons at a given centrality bin. Thus it is essential
to control the centrality of the collisions while re-
porting the experimental results on correlations.
In the data analysis adopted for the STAR ex-
periment [8], the centrality was defined using the
charged particle multiplicity in the mid rapidity re-
gion. To avoid a self-correlation of the results with
the window used for centrality definition, a profile
method was used. In this paper we investigate the
profile method to extract the LRC strength in heavy-
ion collisions and demonstrate its applicability in
Pb-Pb collisions at
√
sNN = 2.76 TeV using HIJING
event generator [26].
II. ANALYSIS METHOD
In a center-of-mass coordinate system, the forward
and backward hemispheres have been conventionally
defined to be opposite to each other, as shown in
the schematic diagram of figure 1. Nf and Nb are
the charged particle multiplicities within the forward
and backward measurement intervals within a width
of δη. In our analysis, a value of δη = 0.2 has been
chosen. The FB correlations are measured symmet-
rically around η = 0 with varying rapidity gaps, des-
ignated as ∆η, measured from the center of each bin.
Thus depending on the available η window, the val-
ues of ∆η = 0.2, 0.4, 0.6, 0.8, 1.0.... are possible.
FIG. 1: (Color online) Schematic diagram of the mea-
surement of a forward-backward correlation.
3In this analysis, data from the HIJING event gen-
erator have been used, in which the particles are
produced based on perturbative QCD processes [26].
Nearly one million minimum bias Au-Au events at√
sNN=200 GeV and Pb-Pb events at
√
sNN=2.76
TeV have been generated and used for the analysis.
The centrality of the collision is normally designated
interms of the impact parameter of the collision. In
the experiments, it is not possible to determine the
impact parameter directly, hence one uses charged
particle multiplicity within a range of η, which is
not overlapping with the η range where the anal-
ysis is performed. This is called reference multi-
plicity (Nref). The use of non-overlapping pseudo-
rapidity regions, one for the centrality determination
and other ones for FB analysis, avoid bias on the
correlation measurements. In the experiments, it is
ideal to obtain reference multiplicity from very for-
ward measurement of charged particles. But if this
is not available, then the centrality can be defined
from the central windows as well. For example, in
the present study, for determining FB correlations in
∆η = 0.2, 0.4 and 0.6, reference multiplicity has been
obtained within 0.5 < |η| < 1.0, while for ∆η = 0.8
and 1.0 the sum of the multiplicities from |η| < 0.3
and 0.8 < |η| < 1.0 used for centrality determina-
tion. For ∆η = 1.2, 1.4, 1.6 and 1.8,.... the centrality
is taken from |η| < 0.5. In the correlation analysis,
the centrality windows are normally selected over a
range of cross section, which correspond to a range
in reference multiplicity. Within a given centrality
window, the FB multiplicity correlations can be af-
fected by the fluctuations in impact parameter and
number of participants. In order to extract true cor-
relation, it is desirable to control the centrality and
minimize the effect of centrality fluctuations.
To calculate the correlation strength as a func-
tion of η-gap and as a function of centrality, two
different method have been discussed. In the first
method, the quantities such as, 〈Nf 〉, 〈Nb〉, 〈N2f 〉
and 〈NfNb〉, have been obtained by averaging over
the events within a centrality bin, and thereby calcu-
lating the dispersions, D2ff and D
2
bf . This method of
event averaging does not take the fluctuation within
a centrality window into account. This method is
termed as FBaverage method.
In order to eliminate or reduce the effect of the
centrality window on the correlation analysis, a sec-
ond method, called the profile method (FBprofile)
has been introduced. In this method, the distribu-
tions of 〈Nf 〉, 〈Nb〉, 〈N2f 〉 and 〈NfNb〉, have been
plotted as a function of the reference multiplicities.
Linear fits to 〈Nf 〉, 〈Nb〉 and second order polyno-
mial fits to 〈N2f 〉 and 〈NfNb〉 have been made. These
distributions, along with the fits are shown in Fig. 2.
These fit parameters are used to extract the D2ff and
D2bf , binned by centrality, and normalized by the to-
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FIG. 2: (Color online) Average multiplicities and their
products for Pb-Pb collisions at
√
sNN= 2.76TeV as a
function of reference multiplicity (Nref). The upper pan-
els show: (a) Mean forward charged particle multiplicity
(〈Nf 〉), (b) Mean backward charged multiplicity (〈Nb〉),
both fitted with linear polynomial functions. The lower
panels show: (c) 〈NfNf 〉 and (d) 〈NfNb〉, both fitted
with a second order polynomials.
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FIG. 3: (Color online) Variance (D2ff) and covariance
(D2bf) as a function of reference multiplicity for Pb-Pb
collisions at
√
sNN = 2.76 TeV.
tal number of events in each bin. This is shown in
Fig. 3. This method removes the dependence of the
FB correlation strength on the width of the central-
ity bin. In the next section, results from both the
average and profile methods will be presented and
compared.
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FIG. 4: (Color online) Comparison of D2ff and D
2
bf us-
ing FBaverage and FBprofile methods. The results are
shown for 0-5% and 0-10% centrality for Pb-Pb colli-
sions at
√
sNN = 2.76 TeV. The centrality is selected
using charged particle multiplicity within a particular
pseudo-rapidity window.
III. RESULTS AND DISCUSSION
The FB correlations have been studied for Pb-
Pb collisions at
√
sNN= 2.76 TeV using the HI-
JING event generator. The forward-forward and
backward-forward dispersions are calculated as a
function of centrality, within a pseudo-rapidity gap
extending up to 2.2 units, using both average and
profile methods. Figure 4 shows D2ff and D
2
bf as a
function of ∆η for two overlapping centralities, 0-
5% and 0-10% of total cross sections. The disper-
sions remain approximately constant over the rapid-
ity ranges covered. It is observed that FBaverage
yields higher values of both D2ff and D
2
bf compared
to FBprofile. This is true for both the centrality win-
dows.
It is expected that the correlation strength in-
creases with the increase of the centrality of the
collision. The correlation strengths, bcorr, are cal-
culated from the ratios of the dispersions for six
different centrality windows, 0-2.5%, 0-5%, 0-10%,
10-20%, 20-30%, and 30-40% of the cross section.
These centralities are determined from the refer-
ence multiplicities as discussed above. Results from
both the methods are presented in Fig. 5, where
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FIG. 5: (Color online) Correlation strength bcorr as a
function of η gap for 5 centrality bins using (a) from
FBprofile and (b) from FBaverage for Pb-Pb collisions at√
sNN = 2.76 TeV.
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FIG. 6: (Color online) Correlation strength bcorr as a
function of η gap for various impact parameters using (a)
FBprofile and (b) FBaverage methods for Pb-Pb collisions
at
√
sNN = 2.76 TeV.
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FIG. 7: (Color online) (a).D2ff and D
2
bf and (b). Cor-
relation strength bcorr as a function of η gap for 0-10%
centrality from FBprofile and (b) method FBaverage for
Au-Au collisions at
√
sNN = 200 GeV.
the upper panel shows the values of bcorr using
FBaverage method and the lower panel gives the re-
sults for FBprofile method. We observe that bcorr for
FBaverage method does not follow any regular pat-
tern in terms of centrality selection. For example,
the bcorr is seen to be higher for the 0-10% central-
ity bin compared to 0-2.5% and 0-5% centrality bin,
which is counter intuitive to our expectation. This
shows that the impact parameter fluctuations are
not completely removed when FBaverage method is
used. On the other hand, it can be seen that using
the FBprofile method, the values of bcorr, has an in-
creasing trend with the increase of centrality of the
collisions. The correlation strength is highest for 0-
2.5% centrality, as expected.
In order to confirm the above observation, a study
using the impact parameter window for centrality
selection, rather than the reference multiplicity, has
been made. Results for bcorr for various impact pa-
rameter selections are shown in Figs. 6(a) and (b),
for the average and profile methods, respectively.
The average method arrives at improper results. In
this example, the larger centrality window yields
highest correlation strength, which should not be the
case. On the other hand, the FBprofile method gives
similar results whether centrality selection is made
using impact parameter or the reference multiplicity.
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FIG. 8: (Color online) Correlation length as a function of
rapidity gap for 0-10% and 30-40% centralities in case of
Au-Au collisions at
√
sNN = 200 GeV and Pb-Pb colli-
sions at
√
sNN = 2.76 TeV. For central collisions, a clear
difference in the correlation length has been observed.
A similar study has been made for Au-Au colli-
sions at
√
sNN= 200 GeV using HIJING event gen-
erator for top 10% in central collisions. The upper
panel of Fig. 7 show D2ff , D
2
bf and the lower panel
shows bcorr, respectively, for both the average and
profile methods. The FBaverage results yield higher
values for bcorr compared to FBprofile. The profile
results are similar to what had been reported by the
STAR Collaboration at RHIC [8, 10].
Finally, a comparison of the correlation strengths
have been made for Au-Au collisions at
√
sNN =
200 GeV and Pb-Pb collisions at
√
sNN = 2.76 TeV
using the results from HIJING event generator, and
following the FBprofile method. The results of the
study for two centrality windows (0-10% and 30-
40%) are shown in Fig. 8. It is observed that, for
the non-central collisions of 30-40% cross section, the
correlation strengths are very similar. For central
collisions, a decreasing trend is observed for Au-Au
collision at
√
sNN = 200 GeV, whereas for Pb-Pb
collisions at
√
sNN = 2.76 TeV, a flatter distribu-
tion is observed. This implies a much stronger cor-
relation over a broad range in pseudorapidity at the
LHC energy compared to those at RHIC.
IV. SUMMARY
Study of forward-backward multiplicity correla-
tion strengths in hadron-hadron and heavy-ion col-
lisions provide crucial information towards under-
standing particle production mechanisms and repre-
6sent useful tool for differentiating different types of
reactions and their energy dependence. It has been
observed that the correlations show strong short
range correlations and also extend to much wider
separation in rapidity. In heavy-ion collisions, the
correlation strengths are expected to increase with
increase of the beam energy as well as centrality of
the collision. Within a given centrality window, the
fluctuations in the impact parameter or the num-
ber of participants lead to multiplicity fluctuations
which affect the accurate determination of correla-
tion strength. It is therefore needed to control the
centrality of the collisions while performing the cor-
relation analysis.
In this manuscript, two different methods, the av-
erage method and the profile method, have been pre-
sented to study the forward-backward multiplicity
correlations in heavy-ion collisions as a function cen-
trality. It is observed that in the FBaverage method,
the correlation strength does not follow any pattern
as a function of centrality window. This reflects the
impact parameter fluctuation due to finite centrality
bin width. The second method, FBprofile, has been
introduced, which properly takes care of the effects
due to finite centrality bin width. Appropriate cen-
trality dependence has been observed in going from
peripheral to central method. A comparison of the
correlation strengths have been made for Au-Au col-
lision at
√
sNN= 200 GeV and Pb-Pb collisions at√
sNN= 2.76 TeV using the data from HIJING event
generator. It has been observed that the correlation
strengths are higher for higher energy collision. The
correlation strengths decrease as a function of the
rapidity gap. This decrease is much slower at LHC
energy compared to that of the RHIC energies. The
FBprofile method can be used to study the FB cor-
relation strength as a function of centrality in the
Pb-Pb collisions at LHC. As is shown in this work,
along with the correlation strength (bcorr), it is es-
sential to show the behavior of both the forward-
forward (D2ff ) and backward-forward (D
2
bf ) disper-
sions as a function of pseudo-rapidity gap (∆η) for
different centrality classes. This will allow to make
a direct comparison of experimental data with the-
oretical models, such as, CGC and CSPM.
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